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INTRODUCTION

Multifunctional catalysts offer important opportunities for scientific advances and industrial applications
since they are able to activate different molecular species simultaneously. Of critical interest is the
molecular structures of the catalyst responsible for such multiple activations, how the activated species
interact, and how the reaction dynamics control activity and selectivity.

Hydrogenation of carbon monoxide is a widely studied reaction with many practical applications. The
catalytic performances of supported Rh catalysts for CO hydrogenation are very dependent on the support
and added modifiers (1-11). Of particular interest is the novel Rh-Mo/Al;03 catalyst system
which displays exceptionally high activity for CO hydrogenation and high selectivity for formation
of oxygenates.

Kinetic and characterization tests were carried out using catalysts consisting of Rh on Al2O3 and on TiO;
with various amounts of added molybdena. The results are discussed in terms of selectivity enhancement
by utilizing differences in activation energies for selective and non-selective reactions. Reaction
mechanisms are discussed in terms of a dual-site functionality with implications for design of
improved catalysts.

EXPERIMENTAL

Catalysts of composition shown in Table 1 were prepared by impregnation. All contain a nominal 3% Rh
from rhodium nitrate solution. The alumina was Catapal and the titania Degussa P-25. Those containing
molybdena were prepared in stages. The support was first impregnated with ammonium molybdate,
pH 1, followed by drying and air calcination. Then rhodium was deposited. For the 15% Mo catalysts, a
dual impregnation was used to overcome solubility limitation. Before testing, catalysts were reduced in
flowing Hy at 500° [All temperatures are °C]. Preformance testing was in a flow reactor system. Data
were obtained at 3 MPa, Hp/CO = 2, at 3000 to 36,000 GHSV, 200° to 250°. Steady state product
analysis was by on-line GC. To make comparisons, space rates were varied at constant temperature to
obtain equal conversions (limited to 6%), then conversions were "normalized" to 3000 GHSV by
multiplying by the factor : actual GHSV/3000. The reaction has been shown not to be mass or heat
transfer limited (8). CO and irreversible Hp chemisorption were measured at room temperature, the former
using a pulse injection system and a thermal conductivity detector, and the latter using a static system.
Previous to measurements, catalysts were reduced under the same schedule as for reactor runs.

RESULTS AND DISCUSSION

Catalyst composition_ - effect on performance. The activity of supported Rh catalysts for CO
hydrogenation at 250° was found to be TiO2-500 > TiO2-300 > AlpO3 > SiO,. For TiO2, 500 and 300
refers to the reduction temperature used before testing. Detailed data for Rh/TiO; and Rh/Al, O3 are found
in Table 1. The effect of modifiers was also studied, particularly for selectivity enhancement. In this
paper, selectivity refers to the conversion of CO to oxygenates relative to hydrocarbons. The results of
some of the various modifiers on the selectivity of Rh/Al,O3 and of Rh/TiO3 are shown in Fig. 1. The
line which is drawn for Rh/Al,O3, shows that selectivity decreases moderately with increasing conversion.
The Mo-modified catalysts are unique in their high activities and increased selectivities (4,6,7,8,9). For
instance the activity was increased 12-fold by addition of 7.5% Mo. A 4% conversion was obtained at
225° at 18,000 GHSV, and selectivity was 73%. When measured at 250°C, the % selectivity increased
progressively with added % Mo : 29-0; 58-2.8; 65-7.5; 69-15, Table 1.
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Molybdena added to Rh/l"iOz was also effective in increasing activity and selectivity, Table 1.

In addition, molybdena brought a high capability for the shift-conversion reaction with as much as 25% of
the converted CO going to CO;. The amount of CO; observed is consistent with the reaction
CO + H0 —— CO2+ Hp utilizing the amount of water produced from formatiion of hydrocarbons
and higher alcohols.

Temperature — effect on catalyst performance. The rates of formation of some of the products as a
function of temperature have been published previously (6) and additional data are shown in Fig. 2. The
calculated values of apparent Eyy given in Table 2 for overall CO conversion is the same for Rh/Al,O3 and
Rh/MO/AI>O3. Hence higher reaction rates with the latter catalyst is not due to a lower E,¢. It should also
be noted that for the Rh-Mo/Al,Oj catalysts E,¢; for oxygenates as a group is 18.6 Kcal/mole, much lower
than the 31.2 volume for hydrocarbons. Individual products show smaller but significant differences from
these values, for example 32.4 for CHy and 27 for CyHg, The consequence is that there is a double
penalty for operation at higher temperatures. Not only are hydrocarbons increased relative to oxygenates,
but also the hydrocarbons consist of larger amounts of less valuable CHy. It is also significant that Eag,
C2+oxy. > Eact: Cioxy. This is believed due to the circumstance that CO dissociation is required for
hydrocarbons and higher alcohols but not Cy oxygenates.

Utilizing activation energy differences for selectivity control. The wide differences in Eyc; between’
formation of oxygenates and hydrocarbons results in a more rapid decrease in the rate of formation of

hydrocarbon relative to oxygenates as temperature is decreased. Selectivity is increased. The relative rates
for selective, 1, and non-selective, m, reactions are expressed by the relationship

—~(Eo-~Eh)
To _ _selectivity to oxygenates _ [ RT
h  selectwvity to hydrocarbons ~
D is a constant whose value, log D = —5.60, was established from experimental selectivities for

Rh/7.5Mo/Al703. The following selectivities to oxygenates represent those calculated and found and
those predicted for various temperatures.

Termp.® 273 250 225 200 180 160 140
Calculated % 50 61 75 85 91 95 98
Found % 65 73 86

One application of this calculation is to provide a prediction of the selectivities which may be obtained with
catalysts of sufficient activity to be used at lower temperatures.

The use of lower temperatures to increase selectivity has a penalty — namely loss of conversion rate. The
decrease in rate can also be calculated for selective and nonselective reactions as a function of temperatures:

—E(T) - T2)
rate Ty _  RTIT2
ratel; . ©
This is illustrated by the following:
oxygenates hydrocarbon
Eaqy cal/mole . 18,600 31,200
rate loss

50° decrease, 250° — 200° 7 fold : 24 fold
90° decrease, 250° - 160° 42 fold 524 fold
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The above calculations can provide the initial basis for optimizing process design in which advantages of
increased selectivity — improved product value, lower plant and operations costs for separation, and
possible longer catalyst life — are calculated and related to disadvantages of lower rates of conversion —
larger catalyst inventory and increased reactor investment. Thus an increase of selectivity from 65 to 86%
for Rh/7.5%Mo/Al,03 in going from 250° to 200° may more than compensate for the requirements
imposed by a 7-fold increase in catalyst inventory to reach the same conversion level.

Rate comparisons with other catalysts. It is of interest to compare the space-time-yield for Rh/Mo/Al,O3
catalyst and industrial Cu/ZnO/A120j3 catalysts. The STY for Rh/7.5%Mo/Al;O3 at 250° at 36,000 GHSV
in g/hr/ml catalyst corresponds to 1.0 for all products, 0.76 for oxygenates and hydrocarbons, or 0.4 for
oxygenate liquids (0.51 ml/hr/g). Commercial catalysts are said to produce 0.5 ml methanol/hr/ml cat.
Thus the Rh/Mo/AlyOs catalyst is as active as commercial catalyst. They are by far the most active of
supported Rh catalysts identified in a wide survey (11).

Kinetics. The coefficients of the kinetic power-law rate expression for CO hydrogenation

Rategpecies = A - P:{Z : P{:o

were determined for Rh/Al;O3 and Rh/Mo/Al,03, Table 3 (3,6,8). A negative value for the exponent of
pCO for the Rh/Aly0O3 catalysts is interpreted to indicate that there is an inhibition of the reaction by
preferential adsorption of CO relative to Hy on the Rh. However, for the Mo-modified catalyst the
exponent of pCO is zero for the overall conversion of CO, for MeOH and for CO; formation. While CO2
is mechanistically a secondary product, it follows the power-law because product water is immediately
converted to CO,. Significantly, the exponent of pCO remains negative for the formation of methane and
higher alcohols. This is interpreted to mean that formation of CHy and higher alcohols is occurring at Rh
sites, and that dissociation of CO is involved which is subject to inhibition by CO. Formation of methanol
does not involve CO dissociation and is not inhibited by CO.

Hj and CO chemisorption and tumnover frequency. The dispersion of Rh in the Rh/Al;03 catalyst was
determined to be 39%, based on Hy chemisorption and assuming 1H/IRh. However, for Mo catalysts,
Hj cannot be used for this purpose because of the formation of non-stoichiometric Mo bronzes.
Therefore, CO was used to measure Rh dispersion for Mo catalysts. Hj adsorption on Rh/A1,03 provided
an initial calibration point. It was determined that CO does not adsorb appreciably on partially reduced
molybdena under the above-mentioned conditions. While CO can adsorb in different forms, as determined
by infrared measurements, it is assumed that the stoichiometry of CO chemisorption on Rh does not
change with increased Mo and can be used as a measure of Rh dispersion. The amount of CO
chemisorbed decreased progressively and substantially with addition of molybdena, Table 4. Also shown
is the overall rate of CO conversion, labelled the turn-over-frequency, for each Rh atom in the sample.
The TOF shows an increase as increasing amounts of Mo are added. Thus, even though the number of
CO adsorption sites decreases, the rate of CO conversion increases. Furthermore, more impressive
increases are observed if the comparison is done on the TOF based on each CO adsorption site. Thus at
15% Mo, the overall activity per CO site increased by 150 fold!

CONCLUSIONS AND COMMENTS

The exponential form of the reaction rate dependence on activation energy and temperature makes rates
very sensitive to activation energies and temperatures. As a consequence, differences in activation
energies between selective and non-selective reactions can provide for significantly increased selectivities
at lower temperatures. Decreasing reaction temperatures from 250° to 200°, for Rh-MoAl03 for example,
increases selectivity to oxygenates (Eyet 18.6 Kcal/mole) from 65% to 85% relative to hydrocarbons
(Eact 31.2 Kcal/mole). Reaction rates are decreased 7-fold. The selectivity is predicted to increase to
98% at 160°. Changes. in the distribution of individual hydrocarbons and oxygenates with reaction
temperature are also predicted. Such considerations provide a preliminary basis for process optimization
through temperature selection. .
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The greatly enhanced activity and selectivity imparted by Mo addition to Rh/AlxO3 is not explained by
activation energy differences alone. Gilhooey, Jackson and Rigby (5) found wide variations in the
apparent activation energies and pre-exponential factors for Rh on various supports. They concluded that
the compensation effect, which involves the pre-exponential factor, made conclusions on
mechanism ambiguous.

Examination of the power-law exponents presented here show that the rate of hydrogenation of CO to
hydrocarbons and oxygenate is inhibited by CO over Rh/AlyO3 but not for methanol formation over
Rh-Mo/A1;03. Interestingly, the inhibition for CHs formation remains. The implication is that the
mechanism of the rate determining step for methanol differs from methane and that the latter is dependent
on the Rh. .

Based on these results and other characterization tests (8), it is proposed that Rh-Mo/Al,O3 catalysts
operates by a dual site mechanism in which CO is activated by Rh and hydrogen is activated by MoO(3.x%
with migration of activated hydrogen to the activated CO. A major point is that while Rh is capable o
activating Hj, its activation is inhibited by CO during CO hydrogenation. In contrast, H3 activation by
MoOs3_, is not inhibited by CO. As a consequence of increasing the hydrogenation capability, which is
rate-limiting, the overall catalytic activity for CO conversion is greatly accelerated. The increase in
oxygenates is also due to increased hydrogenation ability which shows up particularly in methanol
formation. The formation of hydrocarbons and higher alcohols involve CO dissociation believed to occur
on Rh. As the power-law data show, their formation even over Rh-Mo/Al,O;3 is inhibited by CO which is
visualized as strongly occupying the Rh sites.

For the practical purpose of achieving higher selectivities at lower temperatures, say 160°, catalysts of
increased activity are required. The results discussed here are believed to provide a guide for design of
improved dual-site catalysts. The search should be for a structure which provides a Hy activation site not
inhibited by CO. It is speculated that to fulfill this role requires a non-metallic, non-stoichiometric
structure such as a partially reduced oxide. For Mo catalysts there is the potential for improvements by use
of unusual oxide structures, or of reduction to a MoQO3.x of more optimum level, or possibly by use of
sulfides instead of oxides. A better knowledge of the interface of Rh and partially reduced molybdena is
of great interest as well as the mobility of activated hydrogen to or from the Rh (4,8). The extremely high
increase in activity, namely 150-fold, of Rh sites identified by CO chemisorption on the 15%
Mo/Rh/ALO3 cataiyst, illustrates the possibility of catalysts with greatly increased activity. These could be
used with great advantage at lower temperatures than present industrial catalyst.
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Table 1. CO Hydrogenatlon by Catalysts of Various Compositions, Hy/CO=2; 3MPa.
All contain 3% Rh
2.8% Mo

0% MoAlL,O3 || ALOs3 7.5% Mo AlO3 15% MoAlLO3 || 6% Mo TiO;
Temp. 250 275 225 I 225 235 250 200 225 225 250
GHSV. 3000 ] 3000 3000 18000 | 18000 | 36000 3000 | 3000 47001 11230

%o Conversxon of CO, mc]udes COz
Conv. 57 I 12.5 ” 9.0 ” 4.0 ” 6.0 27 ” 11.2 123
o CO2 21.5 23 9 23.0 25 6 24 5 35 38
% of CO Converted, excludes COy

CHy 60 69 34.8 9.4 18.4 238 268 72 106 || 274 | 35
CoHg 4 4.1 4.5 3.1 58 4.7 59 24 4.4 11.6 153
C3Hg 5 5.0 1.5 1.1 2.3 19 23 09 1.6 4.7 5.5
Cs4Hy0 2 14 0.4 0.3 0.6 05 0.6 0 0.5 1.6 2
CsHi2 2.0 0 0 0 0 0 0
Total HCs I1 | 8L5 417 139 2.1 309 | 356 105 | 171
MeOH 2 0.8 134 37.6 21.7 17.7 15.7 24.0 109 |} 38.9 | 26
MeOMe 1 0.2 15.9 30.0 28.3 269 265 39.5 56.5 3.1 4.5
McCHO 2 23 0 Q Q 0 0 0 0 i} 0
EOH 11 52 123 58 74 74 6.7 18.0 1? 7.5 6.4
MeOAc 3 2.6 2.4 1.1 1.1 0.7 0.7 0.2 0.7 2.1 1.7
HOAc 0 0 0 0 0 0 0 0 0 0 0
E(CHO 0.4 0 0 0 0 0 0 0 0 0 0
C3H70H 2.7 2.5 24 1.9 0.9 22 0.7 24 2.7 14 1.2
MeOELt 3 21, 126 9.9 14.0 145 14.5 7.0 11.2 3.0 2.5
EtOAc 3 36 0 0 Q 1] 0 0 0 0 0
C4HoOH 0 0.6 0 0 0 0 0 0 04l o 0
Total Oxy. 289 | 189 87 86.3 133 692 | 648 20 83 p14] 9
Cioxy. 51 2.6 34.3 7.4 55.0 49.6 473 65.9 713 || 43.6 | 30.8
Caoxy. 20.7 { 14.2 222 13.0 17.4 174 | 1638 228 8.9 10.9 8.6
C3oxy. 3.0 25 24 19 0.9 22 0.7 24 2.6 14 1.2
C2+oxy.
% of oxy. 824 | 86.2 41.6 17.2 21.7 28.1 26.7 27.7 14.0 19 21
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Table 2. Apparent Activation Energies, CO Hydrogenation

N ——

Product Kcal/g mol
3% Rh/ALO3 o 213+03
3% Rh/7.5% Mo/A1203 O 216+ 09
Cioxy 172+ 0.7
Caoxy 243 +24
Ciotal oxy 186 £09
CHy 323+26
CoHg 275%36
C3Hg 286 t4.1
C4H10 263 +29
Ciotal HC 312+25
CO2 219 +0.7

Table 3. Power Law Coefficients for CO Hydrogenation Ratespecies = A - pl’fh . p%o.

Catalyst Species X y
3%Rh/A1LO3 -CO 0.8 -0.3

3%Rh-15%Mo/AlO3 —C0 0.72 + 0.05 -0.03 £ 0.09

+CHy 1.02 + 0.08 -0.32 £ 0.09

+CH30H 1.53 £ 0.01 -0.01 +0.11

+C240rxy. 091 +0.23 —0.47 £ 0.23

+CO2 0.38 + 0.05 -0.04 £ 0.06

Table 4. CO Chemisorption and Site Reactivity (TOF) as Function of Mo in 3%Rh,x%Mo/Al,O3,

CO Chemisorption % Dispersion #CO R ite-sec **
Wt% Mo w moles/g of Rh per atom Rh per site Rh***
0 112 39* 04 1
2.8 74 26 4.0 15
15 46 16 8.0 50
15.0 28 10 15.0 150

* Determined by Hz chemisorption.
** CO Hydrogenation at 225°,
***+  Per CO site.
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Figure 1. Effect of Catalyst Composition and Conversion Level on
Selectivity 1o Oxygenates. 3%Rh on Al20; or on TiO2
Modified by 1 Atom Mo or Ti per Atom Rh, CO
Hydrogenation 3MPa, H2/CO=1, Various Space Rates
(Run Temp. °C).
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Figure 2. Rates of Formation of Hydrocarbons and Total Oxygenales Over 3%RWT.5%Mo/A1203,

3MPa H/CO=t. Rates Normalized to 3000 GIISV. See Table 2 for Eye,,
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